early-and late-rice seasons, causing annual N2O emission unaffected. Accordingly, the GWPs were 20 decreased by 1.49 and 0.92 t CO2-eq ha −1 yr −1 , respectively, and they were far more reduced by 21 combining drainage with tillage, with a mitigation potential of 1.96 t CO2-eq ha −1 yr −1 . Low total C 22 content and high C/N ratio in rice residues revealed that tillage in winter fallow season reduced CH4 and
Introduction
beginning, middle and end of each season from the experimental plots for analyzing the abundances of 151 methanogens and methanotrophs. Totally, there were 108 soil samples (3 seasons × 3 stages in each 152 season × 4 treatments × 3 replicates). Each sample was collected at 0-5 cm depth in triplicate and fully 153 mixed. Subsequently, all samples were stored at 4 °C for analyses of soil characteristics and subsamples
154
were maintained at -80 °C for DNA extraction.
155
For each soil sample, genomic DNA was extracted from 0.5 g soil using a FastDNA spin kit for soil 
162
The abundance of methanogenic mcrA gene copies and of methanotrophic pmoA genes copies was 163 determined by quantitative PCR (qPCR) (Fan et al., 2016) . Fragments of the mcrA and pmoA genes,
164
encoding the methyl coenzyme-M reductase and the α subunit of the particulate methane 165 monooxygenase, respectively, were amplified using primers according to Hales et al. (1996) and 166 Costello and Lidstrom (1999), respectively. Real-time quantitative PCR was performed on a CFX96
167
Optical Real-Time Detection System (Bio-Rad Laboratories, Inc. Hercules, USA), and for the detailed 168 descriptions please refer to our previous study (Fan et al., 2016) . ), and 184 they were ranged from 1.73 to 4.91 kg CH4 ha −1 on average (Table 1) . Seasonal CH4 emissions varied 185 significantly with year and field managements ( Table 2 , P < 0.01). Tillage increased CH4 emissions by 186 43-69% relative to non-tillage over the 4 winter fallow seasons. In comparison of non-drainage,
187
drainage reduced CH4 emissions by 40-50%. Consequently, CH4 emission was decreased by 14.8%
188
relative to Treatment NTND with the integrated effects of soil drainage and tillage (Table 1) .
189
During the 4 early-and late-rice seasons, the CH4 fluxes of all treatments dramatically ascended under 
194
CH4 emission always showed a higher flux peak in Treatment NTND than in Treatment TD.
195
Seasonal CH4 emissions in early-rice season varied significantly with land managements, but it was 196 not highly impacted by year or their interaction (Table 2 ). In contrast, total CH4 emission did 197 significantly vary with land managements and year in late-rice season (Table 2 ). In comparison of Substantial N2O emission was measured in the non-rice growth season though the fields were fallowed 211 with no N-fertilization ( Fig. 2 (Table 1) .
219
After rice transplanting, pronounced N2O fluxes were observed with N-fertilization and midseason 220 aeration, particularly in the period of dry/wet alternation (Fig. 2) . Two-way ANOVA analyses indicated 221 that seasonal N2O emissions during the early-and late-rice seasons were not highly influenced by land 222 management, and the interactions of land management and year, except that N2O emissions depended 223 significantly on year (Table 2) . Compared with Treatments NTND and NTD, tillage increased N2O 224 emission in 2011 early-and late-rice seasons whereas generally reduced N2O emission during the 225 following rice seasons (Table 1) .
226
Over the 4 early-rice seasons, drainage increased seasonal N2O emissions by 38.9-43.5% while tillage 227 decreased by 10-12.9%, although no significant difference was observed (Table 1) . In contrast, the 228 effects of drainage and tillage seemed to be more important over the 4 late-rice seasons. For instance,
229
drainage increased seasonal N2O emissions by 41.0-47.8% while tillage decreased by 10.3-14.4%.
230
Annually, total N2O emission was ranged from 113 to 167 g N2O-N ha −1
, averaged 34.4% of which 231 derived from the winter fallow season (Tables 1 and 3 ). There was no significant difference in total N2O 232 emission among the 4 treatments (Table 3) .
234

Global warming potential (GWP)
235
Throughout the 4 winter fallow seasons, soil drainage and tillage had important effects on GWPs over 236 the 100-year time, although it was, on average, very small, being from 0.07 to 0.16 t CO2-eq ha −1 yr −1
237
( (Table 2 ). On average, the yields in Treatments TND and TD were over 6.5 t ha
4.8%-7.3% and 3.1%-4.4% higher than those of Treatments NTND and NTD during the early-and 263 late-rice seasons, respectively. Annually, no significance in the total yields was observed among the 264 treatments over the 4 years (Table 3) . Throughout the 4 late-rice seasons, positive correlation was 265 observed between grain yields of 4 treatments and the corresponding CH4 emissions (r= 0.733, P < 266 0.01).
268
Greenhouse gas intensity (GHGI)
269
Annual GHGI ranged from 0.32 to 0.49 t CO2-eq t −1 yield, and it changed significantly among the
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Over the 4 winter fallow seasons, total precipitation changed remarkably, which was ranged from ~400 
282
NTND than in Treatments NTD and TND, and it was lowest in Treatment TD ( Fig. 3a) , with a mean 283 value of 55%, 50%, 44% and 38%, respectively. It is easy to see that the higher the precipitation and 284 temperature, the lower the soil Eh, and thus the more the CH4 emission in winter fallow season (Table 4) .
285
Statistical analyses show that a significant exponential relationship was observed between mean CH4 286 emission and total precipitation ( 
295
(Treatments TND and TD) also significantly decreased the abundance of methanogens throughout the 296 winter fallow and following early-and late-rice seasons ( Fig. 4a , P < 0.001).
297
The abundance of methanotrophs was highest in winter fallow season, and then it decreased gradually 298 ( (Table 1) . On average, around 2% of annual CH4 emission emitted from the winter fallow season.
316
Because of the residues (mainly including roots and stubble) of early rice as well as high temperature 317 resulting in substantial CH4 production in paddy fields (Shangguan et al., 1993a; Yan et al., 2005) (Table 3 ). Compared to non-tillage, tillage may promote the 368 decomposition of rice residues, and then stimulates CH4 production and emission in winter fallow season.
369
By contrast, as the readily decomposable part of the residues has largely been decomposed after a whole 370 winter fallow season, the remaining hardly-decomposable part of organic matter doesn't have much 371 effect on promoting CH4 emission next year (Watanabe and Kimura, 1998). The content of total C in rice 372 residues generally lower in Treatments TND and TD than in Treatments NTND and NTD (Table 6 ) has 373 well demonstrated that tillage decreased the carbon substrates for methanogenesis. It therefore, relative 374 to non-tillage, significantly reduced CH4 emission (Table 3) . In a rice-wheat rotation system, our 2-year 375 field measurements also showed that the carbon content of rice straw incorporated into the soil in winter 376 fallow season was decreased sharply in comparison of that applied to the field just prior to rice 377 transplanting (Zhang et al., 2015) . In addition, tillage highly reduced the abundance of methanogens 378 throughout the winter fallow and early-and late-rice seasons (Fig. 4a) , 1997; Ma et al., 2013; Yan et al., 2003) . It is estimated that most of croplands N2O 385 emission comes from uplands and just 20-25% of which is from rice fields in China (Zhang et al., 2014) .
386
In China, field measurements of N2O emission began in 1992 from a single-rice field in Liaoning
387
province (Chen et al., 1995) , and considerable observations from double-rice fields had been performed (Xu et al., 1997; Shang et al., 2011; Zhang et al., 2013a significantly affected by year (Table 2) , reasons for the interannual variation were still not well known.
388
398
In order to specify rules for interannual change in N2O emission, it is essential to maintain 399 all-the-year-round long-term stationary field observations of N2O emission from the double-rice fields.
401
Effect of soil drainage in winter fallow season on N2O emission
402
The production of soil N2O is mainly by the microbial processes of nitrification and denitrification while (Table 1) . Compared to non-tillage, tillage decreased the content of total N in rice 432 residues, which probably reduced the substrates for nitrification and denitrification. More importantly,
433
the ratio of C/N in rice residues was increased by tillage (Table 6 ). Because the decomposition of rice 434 residues with high C/N ratio probably resulted in more N immobilization in the soil and less N available 435 to nitrification and denitrification for N2O production (Huang et al., 2004; Zou et al., 2005) . As a whole,
436
soil tillage played a slight role in annual N2O emission over the 4 years (Table 3) .
438
Effect of soil drainage and tillage on GWPs and GHGI
it significantly decreased CH4 emission from paddy fields ( Table 1) . As a consequence, it highly reduced winter fallow season (Table 1) . Indeed, in a single-rice field, Liang et al. (2007) found that it increased 451 the GWPs of CH4, N2O and CO2 emissions in winter fallow season (Table 5) . Fortunately, it significantly 452 decreased CH4 and N2O emissions both in early-and late-rice seasons, and as a result, with a reduction of
453
GWPs by 17% and 15%, respectively (Table 1) . Annually, the GWPs were reduced by 0.92 t CO2-eq 454 ha −1 , with 15% of mitigation potential (Table 3) . As expected, the integrated effects of soil drainage and 455 tillage decreased GWPs much more, with a further reduction by 1.04 t CO2-eq ha −1 yr −1 . Moreover, the 456 annual mitigation potential (as high as 32%) of soil drainage combined with tillage in this study was in 457 the ranges of previous results reported by Zhang et al. (2012) and Zhang et al. (2015) in single-rice fields
458
( (Table 3) . Based on a long-term fertilizer experiment, balanced fertilizer 467 management, in particular on P fertilizer supplement, was suggested to be an available strategy in double 468 rice-cropping systems (Shang et al., 2011) . In this study, the effective mitigation option in double-rice 469 fields we proposed is that soil drainage combined with tillage in winter fallow season.
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